NaYF 4 doped with Yb, Ln (Ln = Er, Ho and Tm) upconversion nanocrystals (UP-NCs) were synthesized in trioctylphosphine oxide (TOPO) solvent via a thermolysis method. It was found that the energy barrier of the phase transition from cubic (α) to hexagonal (β) was significantly reduced in TOPO, and the β-phase NCs were obtained in a broad temperature window from 330 to 370 • C. The as-synthesized NCs had controllable sizes in the range 5-20 nm with narrow size distribution, and presented highly efficient UP fluorescence.
Introduction
Lanthanide ion doped UP-NCs have attracted significant interest in recent years due to their potential applications in biology and security [1] [2] [3] [4] .
In contrast to the conventional downconversion inorganic fluorophores [5] [6] [7] , organic dyes [8] [9] [10] , and semiconductor quantum dots [11, 12] , these UP-NCs use inexpensive and high-power near-infrared (NIR) diode lasers (e.g. 980 nm) as the excitation source to produce visible luminescence. The NIR excitation allows deeper light penetration in tissue and has much higher signal-to-noise ratio due to the absence of autofluorescence and the reduction of light scattering. Furthermore, the lanthanide ions are inherently resistant to photo-bleaching and photochemical degradation, which brings additional advantages over organic dye markers and quantum dots for biological applications [13, 14] .
Despite the above advantages, the synthesis of highly luminescent UP-NCs with small particle sizes (<20 nm) remains a challenge. For biological applications, the biofunctionalized NCs need not only to be less than 50 nm but also to have a narrow size distribution to attach onto tissue cells [15] [16] [17] [18] . Moreover, for applications such as photodynamic therapy (PDT), the NCs need to have high UP quantum efficiency to produce enough singlet oxygen to kill cancer cells [16, 18] . Thus, the selection of an efficient host for lanthanide ions is the first step in obtaining highly luminescent NCs. Recent publications have reported that the colloidal NaYF 4 NC hosts in either the α-phase or the β-phase doped with Yb, Ln (Ln = Er, Ho, and Tm) are so far the best candidates aimed for biological applications [4, [19] [20] [21] [22] [23] [24] [25] [26] , and the β-phase NCs present higher UP efficiency than those of the α-phase due to the more symmetric β-phase structure [21, 27, 28] .
In order to obtain β-phase NaYF 4 NCs, drastic conditions such as long-time annealing, prolonged reaction time and high temperature were needed to overcome the free-energy barrier for the α → β phase transition [21, 23, 26] . The recent cothermolysis of trifluoroacetate precursors in coordination and noncoordination solvents such as oleic acid (OA), oleylamine (OM) and octadecene (ODE) was one of the methods used to obtain β-phase UP-NCs [19, 21, 24] , and the synthesis in OM produced NCs smaller than 10 nm [24] . However, one big limitation of using these solvents to synthesize β-phase UPNCs was their narrow reaction temperature windows. Since a heating temperature close to the solvent boiling points was required, the reaction was usually conducted at the refluxing temperature. For example, using OM, the heating temperature needed to be above 330
• C, which was close to the OM boiling point (∼340
• C). Even under the reflux temperature, it still produced β-phase NCs mixed with the α-phase residual [24] . On the other hand, the same process of using OM observed by our group showed that there were lots of aggregated NCs precipitated after each reaction, which indicated that OM is not an efficient ligand to protect NCs during the NC growth and nucleation at high temperature. As a result, the NCs collected from solution had a broad size distribution (see figure 1(c) ). So, it is still a big challenge to find new conditions and new ligands to synthesize UP-NCs with controllable size (<20 nm) and phases (β-phase) for potential biological applications. Here we address the problems by introducing trioctylphosphine oxide (TOPO) ligand into the co-thermolysis method to provide small (∼10 nm) and β-phase NaYF 4 hosted UP-NCs. The effects of reaction time on the particle sizes and temperature range for synthesis limitation were also investigated.
Materials and methods

Reagents
Trioctylphosphine oxide (TOPO) (90%), oleylamine (OM) (70%), octadecene (ODE) (90%), sodium trifluoroacetate (98%) and trifluoroacetic acid (CF 3 COOH, reagent grade) were purchased from Sigma-Aldrich. Oleic acid (OA) was purchased from Fisher Scientific. 99.99% Ln 2 O 3 (Ln = Y, Yb, Er, and Tm) were provided by Sunstone Inc. CF 3 COOLn precursors were prepared by dissolving the corresponding lanthanide oxides in trifluoroacetic acid and heating at the reflux temperature. After clear solutions were obtained, the solvent was removed under vacuum. The resulting solids were dried under vacuum at room temperature overnight and used without further purification.
Synthesis of NaYF 4 :Yb, Ln (Ln = Er, Ho and Tm) upconversion nanocrystals (UP-NCs)
For the synthesis of hexagonal NaYF 4 -doped Yb, Ln (Ln = Er, Ho and Tm) upconversion nanocrystals (UP-NCs), a mixture of 1.25 mmol CF 3 COONa, 0.485 mmol (CF 3 COO) 3 Y, 0.25 mmol (CF 3 COO) 3 Yb, and 0.025 mmol (CF 3 COO) 3 Er (Ho, Tm) was dissolved in 10 g TOPO (or in 15-20 ml OM and 20 ml ODE/OA at 1:1 volume ratio when repeating the literature result). Under vigorous stirring in a 50 ml flask, the mixture was first heated at 100
• C under vacuum for 30 min to remove water, and then nitrogen was purged into the solution periodically. In the presence of nitrogen, the solution was then heated to the targeted temperature within 10-15 min. All the reactions were stopped after one hour of heating at the desired temperature if not specified. Reactions were heated at reflux in OM (330-334
• C) and ODE/OA (315 • C). Ethanol was added to the cooled solution to precipitate the nanoparticles. The nanoparticles were isolated by centrifugation and were washed with ethanol at least three times.
Characterization
Powder x-ray diffractometer (XRD, 30 kV and 20 mA, Cu Kα, Rigaku) was used for crystal phase identification. The powders were pasted on an alumina substrate and the scan was performed in the 2θ range 10
• -70
• . The photoluminescence (PL) measurements were performed at room temperature. A 980 nm laser diode (1 W maximum, Lasermate Group, Inc.) was used as the excitation source and the beam was focused (12 cm focal length) to a spot size of approximately 0.5 mm. The PL signals were focused to the end of a optical fiber and then delivered into the slit of a monochromator (SP-2500i, Princeton Instruments) with a 2400 g mm −1 grating (holographic, 400-700 nm). The signal was detected by a photomultiplier module (H6780-04, Hamamatsu Corp.) and was amplified by a lock-in amplifier (SR510, Stanford Research Systems) together with an optical chopper (SR540, Stanford Research Systems).
The signal was recorded under computer control using the SpectraSense software data acquisition/analyzer system (Princeton Instruments). Transmission electron microscope (TEM) and high-resolution TEM (HRTEM) images were obtained using a LEO/Zeiss 910 TEM equipped with a PGT-IMIX EDX system (100 keV) and Philips CM200 FEG-TEM equipped with a Gatan 678 Imaging Filter and a PGT-IMIX EDX system. With a field-emission-gun, this microscope provides a point-to-point resolution of 0.2 nm, and an electron probe of 0.7 nm with an energy up to 200 keV, respectively. The energy dispersive spectrometer (EDS) analysis was performed using a FEI XL30 FEG-SEM (scanning electron microscope) equipped with a PGT-IMIX PTS EDX system. The 1 H NMR spectrum was collected with Varian Inovas 500 MHz spectrometers.
Results and discussion
TOPO has been successfully used as both the solvent and ligand in synthesizing colloidal semiconductor quantum dots and EuF 3 nanoparticles [11, 29, 30] .
To the best of our knowledge, it has not been used for the synthesis of colloidal lanthanide ion doped UP-NCs. Our goal was to utilize its higher boiling temperature (200
• C/2 mm Hg) and coordination properties for the selective synthesis of β-phase NCs.
The molar ratios of the precursors CF 3 COONa and (CF 3 COO) 3 Ln (Ln = Y, Yb and Er/Tm) were fixed at Na/Ln = 1.6 for all the syntheses in TOPO, OM and OA/ODE solvents, and the synthetic procedures were according to those in the literature [19, 24] . The calculated compositions of the NCs from the precursor concentrations were NaYF 4 :Yb 0.33 Er 0.03 . TEM images of the NCs synthesized in different solvents are shown in figure 1 .
From figure 1 , it can be seen that the NCs synthesized in TOPO (340
• C) had a very narrow size range from 7.8 to 11.1 nm with an average size of 9.2 nm and standard deviation (σ ) of 0.73 (figures 1(a), (b) ). The NCs synthesized in OM in our work had a broad particle size distribution in the range from 7 to 20 nm with an average size of about 10 nm ( figure 1(c) ). As mentioned earlier, the broad particle distribution shown in figure 1(c) was the outcome of the aggregation process, which we ascribed to the inefficient OM ligand protection. The radical heating condition (reflux) could also contribute to the reduced coordination properties of OM. The NCs synthesized in ODE/OA had the largest particle sizes ( figure 1(d) ), ranging from 15 to 40 nm with an average size of 25 nm, and they had irregular shapes, which were in agreement with those reported in the one-pot synthesis method [19] . The TEM results indicate that the NCs prepared in TOPO have a highly monodisperse particle size distribution.
The atomic composition ratios of NCs synthesized in TOPO were determined by EDS analysis. Figure 2 shows one EDS spectrum. Inset table 1 shows the measured atomic ratios of the elements, and inset table 2 shows the calculated and measured values of the lanthanides. The measured lanthanide atomic ratios and Na/Ln ratio (0.90) are very close to the calculated values. Since EDS is a semi-quantitative analysis method which is significantly affected by the surface properties of the sample, it is not a surprise that atomic% of fluoride is smaller than the calculated value. Thus, the x-ray diffraction (XRD) patterns of the α-phase and β-phase NaYF 4 crystals reported in standards and the literatures were compared with the crystalline structure of the NCs synthesized in this work.
The XRD patterns of the corresponding NCs in figure 1 are shown in figure 3 . The NCs prepared from ODE/OA presented pure α-phase, which agreed well with the literature results [19] . The NCs prepared from OM (334
• C) exhibited mixed α-and β-phases, while the NCs prepared in TOPO, as shown in figure 3(b) , had diffraction peaks matching well with the β-phase NaYF 4 JCPDS data (card 28-1192); thus pure β-phase NCs resulted at 340
• C. The peaks due to (110) and (100) reflections were overlapped, which could be ascribed to the small NC particle size. The α → β phase transition in TOPO can be observed at a much lower synthesis temperature of 280
• C. There is a small diffraction peak at 2θ = 28
• due to the α-phase in the diffraction curve for 280
• C. At 280 • C, the NCs obtained in TOPO showed the dominant β-phase, while the NCs synthesized in OM and OA/ODE had dominant α-phase [19, 24] , which indicated that the energy barrier of the α → β phase transition was reduced significantly in TOPO compared with other available solvents/ligands, and led to the formation of the more efficient β-phase NCs and small NC particles.
In contrast to the synthesis in OM and OA/ODE solvents, by using TOPO, the β-phase NCs were obtained in a much wider temperature window. The UP-NCs can be prepared at an even higher temperature in this work. Another sample prepared at 360
• C is shown in figure 4 . Figure 4 (a) shows the TEM image of the UP-NCs synthesized at 360
• C. The HRTEM image in figure 4(b) shows the crystalline fringes of the NCs. The selected-area electron diffraction (SAED) pattern ( figure 4(c) ) shows spotty polycrystalline diffraction rings corresponding to the (100), (110), (111), (201), (311), and (321) planes of the β-phase NaYF 4 lattice.
The high-limit temperature impact on NCs produced in TOPO solvent was investigated by increasing the reaction temperature to as high as 380
• C. With the progress of heating the precursors in TOPO solvent, first the appearance of gas bubbles was observed at about 240 • C, which indicated the decomposition of the metal trifluoroacetates; meanwhile, the solution turned from colorless into yellowish. Above 240
• C, the higher the solution temperature, the paler the solution color. After heating the solution to 360
• C, second the evolution of light smoke appeared. When the solution temperature reached 380
• C, there was a large amount of white smoke being produced vigorously and the solution color changed back to colorless very quickly. Therefore, the reaction was maintained at 380
• C, and four samplings for the TEM measurements were collected at 30, 50, 70 and 90 min at this temperature. TEM images are shown in figure 5 .
As shown in figure 5(a) , the TEM image of the samples collected at 30 min still presented narrowly distributed particles with an average size of 11.1 nm. After reacting 20 more minutes, most of the independent NCs were disappearing and aggregating into bulky particles ( figure 5(b) ). At further extended reaction time, it is clearly seen that the particles are aggregating into larger chunks at 70 to 90 min (figure 5(c) and (d), respectively). The samples collected at 90 min were then submitted to XRD and EDS measurements in which the XRD patterns showed no diffraction peaks (flat curves, spectrum not shown) and the EDS analysis showed irregular elemental ratios with F AT% <0.01%. The results indicated that the crystals lost their crystallinity during the aggregation process. The breakdown of the crystals corresponded with the appearance of large amounts of smoke at the temperature of 380 • C, which was most probably related to the decomposition of the TOPO solvent at elevated temperature. The role of TOPO was to provide surface binding and spatial restriction on the NCs to ensure monodispersed growth of the β-phase NCs. If the temperature was too high, the TOPO binding on the crystal surface was unstable due to TOPO decomposition. Therefore, TOPO lost its ligand property and the naked crystals further underwent aggregation in a similar way as in gas phase synthesis [3] . Our results show that the NCs synthesized above 330
• C present the pure β-phase structure (one hour reaction), while the upper temperature limit of the synthesis in TOPO is 370
• C. Comparing with the aggregation that appeared in OM solvent which happened at around 330
• C, TOPO solvent provided much broader temperature windows for the synthesis of NaYF 4 -doped UP-NCs.
UP fluorescence spectra of the three NCs are shown in figure 6. There were three emission peaks at 520.8, 545 and 658.8 nm, which were assigned to the 4 [19, 31] . The NCs prepared in TOPO present the brightest fluorescence compared with the NCs synthesized from ODE/OA and OM solvents. The NCs synthesized from TOPO show about 20 times higher emission intensity than those prepared from ODE/OA. Although the particle sizes of the NCs prepared from ODE/OA solvent are over 20 nm, they exhibit the weakest emission intensity due to the less efficient α-phase crystalline structure. This result further confirms that the β-phase NCs have much better fluorescent properties than the α-phase NCs. On the other hand, the β-phase NCs synthesized from TOPO only show about two times higher emission intensity than the NCs synthesized from OM. Part of the reason is because there are large β-phase NCs (>20 nm) mixed in those NCs with a broad size distributed as shown in figure 1(c) . The upconversion fluorescence of lanthanide ion doped NCs is related to the particle size: generally, the larger the particle size, the higher the photoluminescence [32, 33] . The difference in the particle size distribution between the NCs synthesized from OM and TOPO can be further compared by the emission peak at the wavelength 658.8 nm. A sharp narrow emission peak is shown for the NCs synthesized from TOPO, while a broad shoulder for the NCs synthesized from OM is presented. NCs of NaYF 4 :Yb, Ho(Tm) were also prepared in TOPO. TEM images of Ho 3+ -doped and Tm 3+ -doped NCs are shown in figures 7(a) and (b), in which the average particle sizes are 11 and 10 nm, respectively. The UP fluorescence spectra excited at 980 nm are shown in figure 7(c). Spectral bands corresponding to blue, green and red emission transitions of Ho 3+ and Tm 3+ are clearly depicted in the spectra. The mechanisms responsible for the UP fluorescence including those shown in figure 7 have been explained in detail in the literature [19, 23, 31] 
Conclusions
In conclusion, monodisperse and highly efficient fluorescent UP NaYF 4 , Yb, Ln (Ln = Er, Ho, and Tm) NCs were synthesized in TOPO. The results showed that TOPO as the solvent and ligand controlled the selective crystalline growth and provided a broad temperature window and flexibility for the synthesis of β-phase NCs. Compared to other available coordination solvents, the free-energy barrier of the α → β phase transition was significantly reduced in TOPO, which led to the formation of much more efficient β-phase NCs in small particle size (∼10 nm) and with a narrow size distribution. Our results show that these NCs can be post-treated like quantum dots with the same TOPO capping ligand [12] , and they add a new class of nanomaterials for future biological applications.
